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Direct calculation of delivered dose in the species of interest potentially affects the magnitude of
an uncertainty factor needed to address extrapolation of laboratory animal data to equivalent
human exposure scenarios, thereby improving the accuracy of human health risk estimates.
Development of an inhalation reference concentration (RfC) typically involves extrapolation of
an effect level observed in a laboratory animal exposure study to a level of exposure in humans
that is not expected to result in an appreciable health risk. The default dose metric used for
respiratory effects is the average deposited dose normalized by regional surface area. However,
the most relevant dose metric is generally one that is most closely associated with the mode of
action leading to the response. Critical factors in determining the best dose metric to character-
ize the dose-response relationship include the following: the nature of the biological response
being examined; the magnitude, duration, and frequency of the intended exposure scenario;
and the mechanisms by which the toxicants exert their effects.

Dosimetry models provide mechanistic descriptions of these critical factors and can com-
pute species-specific dose metrics. In this article, various dose metrics are postulated based
on potential modes of action for poorly soluble particles (PSP). Dosimetry models are used to
extrapolate the internal dose metric across species and to estimate the human equivalent con-
centration (HEC). Dosimetry models for the lower respiratory tract (LRT) of humans and rats
are used to calculate deposition and retention using the principle of particle mass balance in
the lower respiratory tract. Realistic asymmetric lung geometries using detailed morphomet-
ric measurements of the tracheobronchial (TB) airways in rats and humans are employed in
model calculations. Various dose metrics are considered for the TB and pulmonary (P) regions.
Because time is an explicit parameter incorporated in species-specific constants such as mu-
cociliary clearance rates used in the models, the impact of the application of optimal model
structures to refine adjustments and assumptions used in default risk assessment approaches
to address exposure duration are discussed.

HEC estimates were found for particles ranging in sizes that corresponded to existing toxicity
studies of PSP (0.3 to 5 pm). A dose metric expressed as number of particles per biologically
motivated normalization factors (e.g., number of ventilatory units, number of alveoli, and num-
ber of macrophages) was lower than the current default of mass normalized to regional surface
area for either deposited or retained dose estimates. Retained dose estimates were lower than
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deposited dose estimates across all particle sizes evaluated. Dose metrics based on the deposited
mass per unit area in small and large airways of the TB region indicate HECs of 1 to 5 times
those of rats: that is, an equivalent exposure to humans which would achieve the same internal
dose as in the rat would be 1 to 5 times greater. HEC estimates in the TB region increase with
an increase in particle size for particles from OJ to <2 /xm, then decrease with an increase in
particle size for particles >2 fj,m in the small airways and >3 fim in the large airways. The HEC.
decreases with increase in particle size in the P region across all particle sizes studied, and the
decrease has a more significant slope for those particles >2 jj.m due to the limited inhalability
of particles this size in rats relative to humans.

Our modeling results elucidate a number of important issues to be considered in assessing
current default approaches to dosimetry adjustment for inhaled PSP. Simulation of realistic,
polydisperse particle distributions for the human exposure scenario results in reduced HEC
estimates compared to estimates derived with the experimental particle distribution used in the
laboratory animal study. Consideration should be given also to replacing the default dose metric
of normalized deposited dose in the P region with normalized retained dose. Chronic effects are
more likely due to retained dose and estimates calculated using retained versus deposited mass
are shown to be lower across all particle sizes. Because dose metrics based on normalized particle
number rather than normalized mass result in lower HEC estimates, use of inhaled mass as
the default should also be revisited, if the pathogenesis suggests particle number determines
the mode of action. Based on demonstrated age differences, future work should pursue the
construction of "lifetime" estimates calculated by sequentially appending simulations for each
specific age span.

When deriving health risk estimates of occupational or envi-
ronmental inhalation exposures, toxicity data from laboratory
animal inhalation studies are frequently extrapolated to esti-
mate equivalent exposures to humans. The data from labora-
tory animal studies typically include rigorous exposure char-
acterization and various measures of response in the target
tissue. Interspecies extrapolation involves the application of sev-
eral factors to the laboratory animal data. The need to address
this extrapolation has been recognized by various national and
international organizations (Bailey et al., 2003a; ICRP, 1994;
U.S. EPA, 1994). The U.S. Environmental Protection Agency
(EPA) employs a dosimetry adjustment to account for inter-
species differences in delivered dose when extrapolating labo-
ratory animal data to arrive at a human health estimate (U.S.
EPA, 1994: Jarabek, )995a, 1995c). This practice is best illus-
trated in the derivation of the reference concentration (RfC) as
a health risk estimate (U.S. EPA, 1994; Jarabek, 1994, 1995a,
1995b; Bogdanffy & Jarabek, 1995). The RfC is defined as an ex-
posure concentration for the general human population (includ-
ing sensitive subpopulations) that is without appreciable risk of
adverse noncancer health effects during a continuous, lifetime
exposure.

The RfC methods use a hicrarchal approach to dosime-
try models employed for interspccics extrapolation (U.S. EPA,
1994; Jarabek, 1995c). Depending on the available information
and understanding of the mode of action, a dosimetric adjust-
ment factor (DAF) can range from a default algorithm to the
use of a dosimetry model as the more optimal approach. Default
adjustments require a limited number of parameters and are in-
tended to provide a rudimentary but conservative (i.e., expected
to be protective) description of delivered dose. In the case of res-
piratory effects due to inhaled particles, the default algorithm
uses the average deposition mass fraction normalized to the

respiratory tract region (extrathoracic or ET, tracheobronchial
or TB, and pulmonary or P) in which the toxicity is observed
(U.S. EPA, 1994; Jarabek, 1995c). The deposition fraction used
in the default algorithm may be computed using empirical model
descriptions of average particle deposition in each of the three
respiratory-tract regions in various laboratory animals or hu-
mans (Miller et al., 1988; U.S. EPA, 1994; Mcnache et al.,
1995).

The hierarchal approach used in the RfC methods has been
proposed to extend and "harmonize" dosimetry modeling across
risk assessment approaches for noncancer versus cancer toxicity
and for acute versus chronic exposures based on current empha-
sis on the utility of considering the mode of action in risk assess-
ment (U.S. EPA, 1999; Wiltse & Dellarco, 2000; Jarabek, 2000;
Bogdanffy et al., 2001). The dose metric should be described
at a level of detail that is commensurate with both the level of
detail used for the toxicity or nature of biological response under
consideration and the intended duration of exposure for which
the dose-response relationship is derived (U.S. EPA, 1994;
Jarabek, 1995b, 1995c). The preferred models for dosimetric
adjustment include species-specific and mechanistic determi-
nants of chemical disposition and toxicant-target interaction to
improve the accuracy of the dose-response description (Jarabek,
1995c).

A number of different dose metrics for inhaled poorly soluble
particles (PSP) can be calculated, but the'challenge is to select
a dose metric that is mechanistically associated with or experi-
mentally closely correlated to the biological response. Internal
dose may be accurately described by particle deposition alone if
the particles exert their primary action on the epithelial surface
tissues (Dahl et al., 1991). For longer term effects, the initially
deposited dose may not be as appropriate because particles clear
at varying rates from different lung compartments so that some
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dose is retained. To characterize chronic effects, models should
calculate retained dose within the respiratory tract by accounting
for clearance pathways.
. Thus, the selection of a relevant dose metric for inhaled par-
ticles depends on whether a disease entity or adverse endpoint
is better described by an acute or chronic pathogenesis process.
The former disease process is more likely related to initial depo-
sition and the latter to particle retention. For example, the acute
mortality due to inhalation of paniculate matter may relate more
to recent deposited mass, while morbidity observed over long
durations in some ecological epidemiological studies may relate
more to retained mass (U.S. EPA, 1996; Snipes et al., 1997).
A recent workshop on fiber and particle toxicity recommended
that species-specific toxicokinetic models should be used to pre-
dict particle clearance and retention in the lungs (Greim et al.,
2001).

Mechanistic insights on the role of specific properties in the
pathogenesis and mode of action for particle toxicity can also
be used to further refine the dose metric used in risk assessment
applications. When different types of particles are compared,
inhaled dose may be more appropriately expressed as particle
volume, particle surface area, or number of particles rather than
mass, depending on the toxic effect being evaluated (Oberddrster
et al., 1994). Studies in rodents have shown that particle surface
area is a better predictor than particle mass for both polymor-
phonuclear leukocyte (PMN) and tumor responses (Oberdorster,
1996; Driscoll et al., 1997; Tran et al., 2000a; Duffin et al., 2002).
The retardation of alveolar macrophage-mediated clearance due
to particle overload appears to be better correlated with phago-
cytized particle volume rather than mass (Morrow, 1988). Miller
et al. (1995) performed simulations with a lung dosimetry model
that suggested, particularly in patients with compromised lung
status, the need to examine the role of particle number rather than
mass for the fine fraction of aerosols in eliciting acute mortal-
ity and morbidity. Thus, different options for both the internal
inhaled dose measure (e.g., mass or number) and the normal-
izing factor (e.g., surface area, alveolar macrophage) must be
considered carefully in risk assessments for PSP.

This article describes dosimetry models for calculating var-
ious dose metrics for PSP, taking into account species-specific
deposition and clearance processes in the lungs of humans and
rats. Because hygroscopicity and solubility are not explicitly
incorporated in the models used, this application is restricted
to PSP. As defined by an International Life Sciences Institute
(ILSI) workshop (ILSI, 2000), PSP are poorly soluble, nonfi-
brous particles that are of low toxicity and not directly geno-
toxic. A number of biologically relevant dose metrics are used
to illustrate interspecies extrapolation and calculation of the hu-
man equivalent concentration (HEC). The different dose met-
rics vary based both on whether particle mass or number is used
as the internal measure of dose and on the normalizing factor
(e.g., ventilatory units, alveolar units, or alveolar macrophages).
The explicit incorporation of exposure duration is also
explored.

CALCULATION OF HUMAN EQUIVALENT
CONCENTRATION (HEC)

The U.S. EPA RfC methods are currently the only regulatory
risk assessment approach that routinely incorporates dosimetry
adjustments. Efforts aimed at the harmonization of noncancer
and cancer risk assessment approaches both use the RfC dosime-
try methods as a platform and propose to extend the RfC meth-
ods with consideration of the mode of action (U.S. EPA, 1999;
Wiltses Dellarco, 2000; Jarabek, 2000; Bogdanffy et al., 2001).
Such an extension necessitates the consideration of additional
dose metrics relevant to various potential biological mecha-
nisms. We briefly review the derivation of the RfC to show how it
can be derived for a specific dose metric and exposure scenario.

RfC calculations are described in detail elsewhere (Jarabek,
1994; U.S. EPA, 1994). To derive an HEC, the RfC methods ap-
ply the following to laboratory animal exposure data: an expo-
sure duration adjustment, a DAF, and various uncertainty factors
(UF). Our intention is to inspect the default time adjustment and
DAF derivation, and then to show their relationship to estimates
of delivered dose to the lung calculated using more mechanistic
model structures.

The point of departure for the derivation of the RfC estimate
is frequently based on laboratory animal data. The laboratory
animal exposure concentration used in the derivation is typi-
cally a no-observed-adverse-effect level (NOAEL), a lowest-
observed-adverse-effect level (LOAEL), or preferably an esti-
mate obtained from a benchmark dose (BMD) approach (U.S.
EPA, 1995). In the default derivation, a time adjustment is ap-
plied to account for the correction from the noncontinuous in-
halation regimen in laboratory animal studies to an assumed
continuous, lifelong exposure of 70 yr that is used as the target
human exposure by:

H D
NOAELADj = NOAEL x — x — [1]

where H, D, and NOAELAoj designate hours per day, days
per week, and the NOAEL that is duration adjusted from an
intermittent exposure regimen to a continuous exposure level,
respectively. The default duration adjustment is based on the
premise that the product of the exposure concentration and du-
ration of time ("C x i" product) produces the same level of
effect for a given endpoint (Haber, 1924). This adjustment is
intended to be conservative (i.e., to be sufficiently protective of
public health) and to account for the possibility that either the
chemical or its damage can accumulate during chronic expo-
sures (Jarabek, 1995b). However, this relationship is applicable
only under limited exposure scenarios and conditions that may
or may not include the case of PSP. Miller et al. (2000) showed
that Haber's rule is a special case in a family of simple power
law curves relating concentration and duration of exposure to re-
sponse. Adherence to Haber's rule is seldom achieved for most
biological endpoints because concentration is usually more im-
portant than duration of exposure in determining a given level
of response. The relationship between exposure concentration
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and duration also depends on what level of organization (e.g.,
an observation of the population, in the target tissue, or possibly
in the subcellular domain of the genome or transcriptome) the
endpoint is being observed (Jarabek, 1995c). The adverse toxic
effect at any given level of organization is due to the internal dose
at that level. For respiratory-tract effects, the quantitative pattern
of deposition within the respiratory tract determines that dose as
well as the specific pathways by which the inhaled material may
be cleared and redistributed (Schlesinger, 1985). Because the
various species used in inhalation toxicology studies that serve
as the basis for dose-response assessment do not receive identi-
cal doses in a comparable respiratory-tract region when exposed
to the same aerosol or gas, dosimetric adjustment for these in-
traspecies differences is requisite for accurate extrapolation of
the dose response across species (Jarabek, 1995c).

A DAF is applied to determine the human equivalent exposure
concentration as:

NOAELHEc = NOAELADJ x DAF [2]

where NOAELHEC is the human equivalent exposure concen-
tration to the NOAEL observed or chosen from the laboratory
animal data. As shown next, the DAF is generally constructed of
breathing parameters and target site deposition fraction in each
species:

<VE)A DFA NFH— x x
DFH NFA

[3]

where VE is the minute ventilation, DF is the deposition fraction
in the target site or region, and NF is the normalizing factor in
humans (H) and animals (A). The default DF is derived from
empirical models that describe average regional particle depo-
sition as a function of particle diameter and distribution (Miller
et a!., 1988; Jarabek ct al., 1989, 1990; Menache et al., 1995).
The NF for effects in the respiratory tract is often assumed to be
the unit surface area of the target respiratory region (e.g., TB or
P) or lung weight if thoracic deposition fraction is determined
experimentally. Body weight is used as the default NF for remote
(systemic effects) from inhalation exposures to particles.

The HEC for a lifelong exposure (NOAELH£c) is converted to
the RfC when adjusted by the application of uncertainty factors
(UF) as:

NOAELHEC
UF

[4]

The underlying assumption in data extrapolation from labora-
tory animals to humans is that a human exposure that achieves
an internal dose equivalent to that associated with a NOAEL
observed for the critical effect in laboratory animals will be pro-
tective of public health. The composite UF can include a separate
UF applied each for intrahuman variability, interspecies extrap-
olation, the use of a LOAEL instead of a NOAEL or benchmark
dose, the use of data from a subchronic study rather than chronic
bioassay data, and the use of an incomplete database that did not
address all potentially relevant endpoints. Because the mecha-

nistic motivations underlying some of these factors overlap, an
RfC is not calculated when more than four of these areas of
uncertainty are invoked in a derivation. When four factors are
employed, the composite factor is constrained to be no greater
than 3000 (Jarabek, 1994; U.S. EPA, 1994).

Improvements in human health risk estimates require mech-
anistic descriptions of particle fate and pathogenesis in the lung
to both obtain more accurate estimates of the adjustment factors
(time and dosimetric). Default UFs can then be replaced with
data-driven values based on understanding the toxicant-target
interactions underlying the mode of action. Improved descrip-
tions of biologically effective internal doses are expected from
models that include mechanistic determinants of both pharma-
cokinetic (PK) and pharmacodynamic (PD) components of the
mode of action. Consideration of the adequacy of the charac-
terization for PK and PD components is also the basis for the
application of both the interspecies and intrahuman UF (Jarabek,
1995c). Thus, depending on the understanding of the toxicant-
target interactions and pathogenesis, mechanistic model struc-
tures may also help to reduce the magnitude of UF applied for
interspecies and intrahuman extrapolation.

Rearrangement of Eqs. (1-3) reveals that

NOAELHEC
NOAEL

[H D (Vt)A DFA]
= — x — x — x

[24 7 (VE)H DFHJ

NFH

NF7
[5]

Adjustment of exposure duration is inherent in the preceding
expression in two instances. First, the intermittent regimen em-
ployed is duration adjusted by the "C x /" product to a con-
tinuous exposure. Second, a chronic exposure (2-yr bioassay)
is typically-required as the basis for RfC derivation, and this
duration is assumed to correspond to a lifetime human expo-
sure scenario. If data from subchronic (90-day) animal stud-
ies are used as the basis instead, a UF is applied. It should be
noted that the first adjustment essentially assumes equivalency
of chronological time rather than physiological time between the
two species, whereas ventilation rate is a physiological param-
eter that incorporates time implicitly. When more mechanistic
models are used, additional parameters (e.g., clearance rates)
also implicitly include physiological time. Computational capa-
bility is now such that dosimetry models can be used to calculate
dose metrics in each species by simulating either exact exposure
scenarios (e.g., applicable to acute emergency or occupational
conditions) or steady-state conditions. Figure 1 illustrates the
application of dosimetry models to perform interspecies extrap-
olation. The explicit exposure scenario for each species can be -
simulated with the dosimetry models to arrive at exposure es-
timates that result in comparable internal dose metric values.
An alternative calculation that may also be informative is the
simulation of the exact experimental regimen (e.g.. 6 h/day for
5 days) in both laboratory animal and humans.

Exposure length can be explicitly inserted into Eq. (5) to
obtain an equivalent exposure concentration between human and
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FIG. 1. Illustration of how a human equivalent concentration (HEC) is calculated from laboratory animal toxicity data using
dosimetry/physiologically based pharmacokinetic (PBPK) models. An effective internal dose metric (e.g., the retained particle
mass normalized to respiratory region surface area) associated with a key event or critical health effect at an administered dose
(e.g., mg/m3) is calculated by simulating the experimental exposure regimen (e.g., 6 h/day, 5 days/wk) for the laboratory animal.
The human dosimetry/PBPK model is then used to simulate an exposure that achieves the same effective internal dose metric level
using human parameters and exposure scenario assumptions (e.g., 24 h/day, 7 days/wk).

laboratory animal inhalation scenarios as:

HEC (Vfe)A DFA] NFH

DFHJ X NFA
[6]

where St is the exposure duration and CA is the laboratory an-
imal exposure concentration such as the NOAEL.* Assuming,
for example, the normalizing factor to be unit surface area of
the target respiratory region, the terms inside the bracket can
be combined to obtain a direct relationship between exposure
concentration and deposition:

sampled for exposure characterization. The DAF for interspecies
extrapolation is expressed as a ratio of the chosen dose metric
between species. To construct the ratio, various internal dose
measures thought to address both the relevant physicochemical
properties of the particles and the postulated pathogenesis of the

-critical effect of interest can be used. Thus, a given dose metric
for a species used in construction of the ratio is the internal
dose measure divided by the NF (dose metric = internal dose
measure/NF). The internal dose measure could be the deposited

HEC _ (Deposition/area)A _ /[(Adjusted depostion fraction, total minute volume, . . .)/area]A

CA (Deposition/area)H /[(Adjusted depostion fraction, total minute volume, .. .)/area]n
[7]

The exposure concentration, either the HEC or the laboratory
animal concentration (CA), is usually expressed as particle mass
per volume of air because that is what has been historically

"CA is used in place of NOAEL in this expression because the equations for
dosimetric adjustment can be applied to either a NOAEL or lowest-observed-
adverse-effect level (LOAEL). If a LOAEL were used, the RfC methods would
require another UF.

fraction adjusted for hygroscopicity or solubility. The internal
dose measure could also be just as well expressed as inhaled
particle count, particle surface area, or some cumulative index
relevant to the physicochemical property of the particles.

In general, the internal dose measure for humans and the
laboratory animal species in Eq. (7) is assumed to be the same.
That is, for any specific normalizing factor (e.g., number of
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alveolar macrophages), the proceeding expression can be further
generalized to:

(Dose metric)H = (Dose metric)A. [8]

The preferred approach for the use of a time adjustment and
DAF is to consider a dosimetry model that integrates time-
dependent processes directly into the calculation of the dose
metric (Jarabek, 1995c; Bogdanffy & Jarabek, 1995; Bogdanffy
etal., 2001).

RATIONALE AND APPROACH FOR DIFFERENT DOSE
METRIC CALCULATIONS

As already discussed, laboratory animal bioassays are most
often used to link exposure to biological outcomes. Measure-
ments of the internal delivered dose are needed in the bioassay
to allow interspecies extrapolation. However, the measured dose
needed for the HEC or RfC calculation is either often lacking
or the laboratory animal experiments are conducted with expo-
sure scenarios that are incompatible with expected human ex-
posure scenarios so that interspecies extrapolation is required.
Dosimetry models can incorporate and integrate various param-
eters governing the fate of inhaled material in the lung and thus
allow simulations of human and laboratory animal exposures to
calculate the dose to the lung needed for the estimates of human
exposure levels.

Most current dosimetry models are only capable of predict-
ing particle deposition and clearance per lung region or specific
site (e.g., Koblinger & Hofmann, 1985; ICRP, 1994; NCRP,
1997; Asgharian et al., 2001b). A new generation of dosimetry
models has allowed site-specific dosimetry calculations (depo-
sition plus clearance) with reasonable accuracy. Models have
been developed in rats (Anjilvcl & Asgharian, 1995) and hu-
mans (Asgharian et al., 200la, 200Ib) using realistic geometry
of the lung derived from detailed, species-specific morphometric
airway measurements. The models incorporate lung and breath-
ing parameters to calculate airflow and particle transport within
the respiratory tract to determine deposition and subsequent dis-
position.

DESCRIPTION OF THE DOSIMETRY MODELS

The particle dosimetry model applied herein is based on the
following previously published work: Anjilvel and Asgharian
(1995) for deposition in lung airways, Asgharian et al. (2001b)
for mucociliary clearance in the TB region, and Asgharian et al.
(2001 c) for alveolarclearance. Details of the model structure and
assumptions are provided therein. Briefly, the particle dosime-
try model consists of a particle mass balance per airway that
solves the connective-dispersion equation for an expanding and
contracting airway. Due to the complexity of the airway geom-
etry and its influence on airflow and deposition processes, sev-
eral simplifying assumptions are made to allow a closed-form
solution with a high degree of accuracy. These assumptions in-
clude the following: (1) Airflow travels uniformly with average

parabolic velocity; (2) airflow to any airway is proportional to
its distal volume; (3) particle losses at airway walls are repre-
sented in the mass-balance equations by deposition efficiency
sink terms; and (4) axial diffusion and particle dispersion are
neglected since these constitute second-order effects. The as-
sumptions have been refined and validated^ by comparing pre-
dicted regional deposition estimates with other theoretical and
numerical studies (Asgharian et al., 2001a).

The dosimetry models for humans and rats applied herein
are available to the public as a software package known
as multiple-path particle dosimetry (MPPD) (CIIT Centers
for Health Research, 2004). The software uses a graphical
user interface to aid computations and simulations required
by toxicologists and risk assessors (Asgharian et al., 1999;
Subramaniam et al., 2003). This application has used the lat-
est version of MPPD issued in 2004 and is available upon re-
quest. A description of the software is available on the web at
http://www.ciit.org/techtransfer/tt-technologies.asp. This same
version of MPPD has been used in the companion application
for the recent U.S. EPA assessment of paniculate matter (U.S.
EPA, 2004; Brown et al., this issue).

The MPPD model has the capability to calculate the deposi-
tion and clearance of monodisperse (geometric standard devia-
tion <jg of particle distribution < 1.3) and polydisperse (crg > 1.3)
aerosols in the respiratory tract of humans and rats for particles
ranging from ultrafine (0.01 Aim) to coarse (20 Aim). The model is
based upon "single-path" and "multipath" formalisms for track-
ing air flow and calculating aerosol deposition in the lung. The
single-path method calculates deposition in a typical path per
airway generation, while the multipath method calculates par-
ticle deposition in all airways of the lung to provide regional-,
lobar-, and airway-specific estimates. Within each airway, de-
position is calculated using theoretically derived efficiencies for
deposition within the airway or airway bifurcation by the fol-
lowing mechanisms: diffusion, sedimentation, and impaction.
Because PSP are the type of particle under consideration, the
deposition calculations did not include an adjustment for hy-
groscopicity. Based on a mass balance of incoming, depositing,
and exiting particles per airway, particle deposition fraction was
found during a breathing cycle that included inhalation, pause,
and exhalation.

Estimation and extrapolation of particle dose deposited in the
lower respiratory tract (LRT) requires accujrate assessment of the
particles entering the respiratory tract; thus, particle inhalability
and the filtration of aerosols by the head were taken into account.
Particle inhalability is an important factor for interspecies ex-
trapolation, given that particles inhalable by humans may only
be partially inhalable by rats (U.S. EPA, 1994, 1996; M<§nache
et al., 1995). The empirical formulas for particle inhalability
of M6nache et al. (1995) are the same as used in the empirical
default model used by the U.S. EPA in the RfC methods. The
filtering effects by the head to account for the proper fractional
penetration of the inhaled aerosol reaching the LRT were also
included. Analytical expressions given by Zhang and Yu (1993)
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were derived based on measurements of particle depositions in
the extrathoracic (ET) region of humans (Rudol et al., 1984) and
F344 rats (Raabe, 1977, 1988).

The LRT geometry used for the single-path simulations in
humans was based on the model of Yen and Schum (1980)
that comprised a typical-path symmetrical geometry. A five-lobe
symmetric but structurally different geometry was used for the
multipath simulations (Subramaniam et al., 2004). The geome-
try used in the model for rats was based on the data of Raabe et al.
(1976) and consists of anatomical data for a comprehensive col-
lection of the conducting airways of Long-Evans rats. The con-
ducting airway structure in the rat model was complemented by
attaching an eight-generation symmetric acinus structure (Yeh et
al., 1979) to the end of each terminal bronchiole. The ventilatory
and anatomical parameters used in the model calculations are
provide in Table 1. The deposition component of the dosimetry
model has been validated against experimental lung deposition
measurements in humans and rats (Subramaniam et al., 2003;
Anjilvels & Asgharian, 1995).

PSP were assumed to be insoluble and removed solely by par-
ticle clearance; dissolution was not an explicit term in the model.
Two distinct clearance models were used: one for the TB region
and another for the P region. Particle transport in the TB region
was developed based on particle mass balance in each airway
that included the following: particle deposition from inhaled
air, influx from daughter branches (including those in the alve-
olar region), and removal by the mucociliary escalator. Trans-
port equations for all the airways were solved simultaneously
to calculate the retained mass in the conducting airways during
exposure and postexposure times (Asgharian et al., 2001b).

In the conducting airways, clearance was assumed to occur
primarily by mucociliary clearance. The TB clearance model
is generic and applicable to any TB model structure for rats or

humans once the mucous velocity in the trachea is specified.
Mucous velocities were calculated for all conducting airways
from the principle of mass balance using a tracheal mucous ve-
locity of 5.5 mm/min in both rats and humans. Two assumptions
were made for these calculations: (1) that the mucous layer trav-
eled with an effective thickness that is small compared to airway
diameter at a net constant velocity, and (2) that mucous produc-
tion rates were the same in all the terminal bronchioles. Particle
residence times were calculated based on mucous transport ve-
locities in each airway. Transport equations for particles were
solved numerically to estimate the retained mass (Asgharian
etai.,2001b).

In the P region, the MPPD uses different clearance models
for humans and rats. For humans, an analog of the International
Commission on Radiological Protection (ICRP, 1994) compart-
mental model is used. The model is comprised of fast, medium,
and slow compartments to describe the following: macrophage
phagocytosis, physical particle translocation, and clearance to
the lymph nodes via the alveolar interstitium. The clearance
rates used for the fast (Afasl), medium (Amed)s and slow (A.S|OW)
compartments were 0.02,0.001, and 0.0001 day"', respectively.
The slow compartment also clears via lymphatic channels (XL)
at a rate of 0.00002 day"1. Particle disposition in each alveolar
region was found by first finding the summed alveolar deposition
in each acinar region and then apportioning it to the fast (30%),
medium (60%), and slow (10%) clearance compartments of the
ICRP model. Particle removal from each alveolar (acinar) region
was calculated independently. This led to a more accurate char-
acterization of clearance than combining all the alveolar zones
into one and then computing clearance for a single alveolar re-
gion.

In rats, a two-compartment model representing particle
translocation along alveolar surfaces (AA) and to lymph nodes

TABLE 1
Anatomical parameters and ventilatory values for humans and rats used in the dosimetry model calculations

URT volume
Species (ml)

Human 50.0

Rat 0.42

Functional residual Minute
capacity (FRC) ventilation Respiratory tract

(ml) (L/min) region"

3300.0 7.5 TB generations 1-13
TB generations 14—21
Entire TB
Entire P

4.0 0.214 TB generations 1-10
TB generations 1 1-41
Entire TB
Entire P

SA WAV
(cm)2 A/vu (million)

1733
2980
4713

79,880 65,536 300
9.24

11.44
20.68

295.66 2404 30

A/AM"
(million)

3630

45

Note. Upper respiratory tract (URT), surface areas (SA), number of ventilatory units (A/Vu). and number of alveoli (NAV) are calculated from
the lung geometry of Asgharian et al. (2001a) for humans, and from the lung geometry of Anjilvel and Asgharian (1995) for rats.

"TB, tracheobronchial region; P, pulmonary region.
''Number of alveolar macrophages (NAM) taken from Stone et al. (1992).
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(XL) was attached to the end of each terminal bronchiole in
each alveolar zone (Asgharian et al., 2001c). Lung burden
measurements obtained from a 13-wk inhalation exposure of
rats exposed to a monodisperse aerosol of pigmentary-grade
TiC>2 (1.42 /urn, a& = 1.3) at concentrations of 0, 10, 50, or
250 mg/m3 (Bermudez et al., 2002) were used to calculate
clearance-rate constants. An exponential function, mass-burden
(mA) dependent equation [XA = 0.03341 xexp(-1.7759mA'3123)
+ 0.00071642 mg/day] was fit to these data to calculate the
overall alveolar clearance rate (XA) constants from the alveolar
compartment. These rates were used in the clearance model to
calculate particle transport. The assumed clearance rate from
the alveoli to the lymphatic system (XL) is 0.00106 mg/day. The
clearance model was verified using the data and models of Tran
et al. (2000b) and Stober et al. (1994) for a variety of other PSP.

DOSE METRIC EVALUATIONS
Because many lexicological bioassays are conducted in rats,

dosimetry models of inhaled PSP for rats and humans were used
to find HEC/CA ratios in various regions of the respiratory tract
based on various dose metrics. These dose metrics were calcu-
lated for a range of particle sizes that corresponds to existing
toxicity studies of PSP (0.3 to 5 /zm). Dose metrics calculated
for the TB region included deposited mass normalized per unit
surface area in bronchi (large airways), bronchioles (small air-
ways), and the entire TB airways. Large and small airways were
defined as generations 1 to 13 and 14 to 21 in humans, respec-
tively; in rats these were defined as generations 1 to 10 and 14
to 21, respectively (see Table 1). Dose metrics in the P region
were constructed using either mass or number as the internal
dose with various NF. Dose metrics calculated for the P region
included the following: the deposited mass normalized per unit
surface area in the P region, and the number of panicles de-
posited in the P region normalized per number of ventilatory
units (/Vvu)> alveoli (A^v), and alveolar macrophages (WAM)-
In addition, dose metrics for the P region were calculated based
on the retained mass during exposure periods of two different
durations (4 and 26 wk).

Simple relationships can be derived when the dose metrics
are based on net deposited mass as the internal dose measure.
The deposited mass at a target site in the lung is calculated from

Mass = DF x C x x Sr [9]

Leaving the duration term in Eq. (9) explicitly to allow for dif-
ferent exposure scenarios between rats and humans results in
the following for calculating the ratio of inhaled deposited mass
in the lungs (NFpi. = per lung) of rats and humans:

HKC•PL [10]

where CA is the exposure concentration for the laboratory ani-
mals. This term drops out if identical exposure scenarios arc as-
sumed (i.e.. StA = SfH) . Note that the default "C x r" adjustment

term as in Eq. (5) is not used when dosimetry modeling is
applied.

The following relationship prevails for a dose metric based
on mass as the inhaled dose with surface area (SA) as the NF:

(Mass\ _ /Mass\
~SA~JH

 = V~SA~JA

Substituting for mass from Eq. (9) into Eq. (12) yields

DFA SAH

CA (VE)H DFH SAA

[11]

[12]

For dose metrics based upon the number of particles as the in-
haled dose with WVu, WAV, or /VAM as the NF, the following
relationships are obtained:

HECvu *»A <VE)A DFAX^-X5F;X

HECAV SfA

(VE)H

(VE)A

(VE)H

DFA (/VAV)Hx x
DFH

DFA

(VE)H

[13]

[14]

[15]

where HEC may refer to number or mass concentrations. Of
note is that Eq. (10) can be interpreted as a more general defini-
tion of DAF, and Eqs. (12) and (3) are identical but differ from
Eqs. (13-15) in that the latter equations correspond to a DAF
based on the number of particles deposited in various regions of
the respiratory tract.

A simple relationship for DAF, similar to those represented
by Eqs. (3) and (12), cannot be deduced when the dose metric is
based on the retained mass in a region of the lung. In this case, a
dosimetry model must be employed to calculate particle reten-
tion and related dose metrics for a region of the respiratory tract
in humans and laboratory animals that explicitly incorporates
the entire exposure scenario for each species. The dose metric
based on retained mass can be described by a simple, first-order
kinetic equation of the form:

rfm/NF Xm

dt

R =
DF x VE x C

NF
[16]

where m is the retained mass, R is the normalized deposition rate,
X is the clearance rate constant, and C is exposure concentration.
In a simulation of the experimental regimen for the rat, C = CA;
and when simulating human exposure scenarios, C = HEC.
The retained mass arising from Eq. (16) is an accumulated mass
for the simulated exposure period (e.g., 2 yr) and cannot be
represented by an average daily dose. Instead, the mass burden
from one day to the next is estimated by iterative application of
Runga-Kutta methods.

Note that the duration adjustment applied in the default algo-
rithm is obviated because the species-specific breathing pattern
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and exposure scenarios used in dosimetry model simulations in-
herently include time adjustments. The models also allow explo-
ration of assuming equal exposure periods between species (i.e.,
S A = SH) versus the default assumption of lifetime-equivalent,
exposure concentration product periods (e.g., <5A = a 2-yr, in-
termittent exposure regimen and SH — 70 yr at a continuous
level that is the "C x t" equivalent to the intermittent regimen).
The former may be more relevant to the evaluation of acute or
occupational scenarios.

Finally, because the models incorporate physiological and
anatomical factors that vary with age (e.g., ventilation and sur-
face area), a set of simulations to explore interspecies extrapola-
tion for different human age groups was performed. The dosime-
try models were exercised using age-specific parameters in hu-
mans to evaluate their potential impact on the construction of
"lifetime" human estimates.

RESULTS AND DISCUSSION
The dosimetry models just described were utilized to calcu-

late various mechanistically motivated dose metrics for inhaled
PSP deposited in the TB or P regions of rats and humans. Evalu-
ation of the human equivalent concentration to rat exposure con-
centration (HEC/CA) ratio between the species for these various
dose metrics provides insights both on the dominant mechanisms
underlying the internal dose in a particular species and on the
adequacy of interspecies extrapolation using default algorithms
for duration and dosimetry adjustment. The smaller the ratio,
the lower is the equivalent resultant equivalent exposure level
for humans.

The (HEC/CA) ratios in the TB region were calculated from
Eqs. (10-12) using the following dose metrics: total deposited
mass normalized to total TB area, or deposited mass in the large
versus small conducting airways normalized to their respective
surface areas. Unit-density, monodisperse particles in the size
range of 0.3 fj,m to 5.0 ^.m in diameter (thus, geometric or
mass median aerodynamic diameter, MMAD) were used in the
simulations.

The results for the various dose metrics based on deposition
in the TB region are plotted in Figure 2. The HEC/CA ratio rises
slowly with particle diameter for particles smaller than 2 /j.m.
Inhalability of particles >2 /nm in diameter is 100% in humans
but only about 85% in rats. Due to the limited inhalability of
particles >2 yiim in rats, the HEC begins to decrease with particle
size >2 /xm. The decrease for the HEC based on deposition in
the small airways occurs for particles greater in diameter than
about 2 fim and in the large airways for those greater than about
3 /u.m. The dose metrics based on mass per unit surface area are
fairly close together in value for particles >2 /zm in diameter.
Significant deposition by impaction occurs for particles in the
large airways of rats and humans for particles greater than about
2 /u.m. Based on a dose metric of inhaled mass per specific unit
surface area, the HEC is about 1 to 5 times greater than the CA-
The HEC based on the current default (total deposited mass
normalized to entire TB surface area) falls in the middle of
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—Deposition/Area in small TB airways
—Deposition/Area in all TB airways
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FIG. 2. Ratio of human equivalent concentration (HEC) to ex-
posure concentration of the laboratory animal experiment (CA)
as a function of particle diameter (/im) for various dose metrics
in the TB region. Simulations used unit density, monodisperse
particles (thus, geometric or mass median aerodynamic diame-
ter, MMAD). Laboratory animal species is the rat. Calculated
dose metrics include the following: total deposited mass nor-
malized to TB regional SA; and deposited mass in the large and
small conducting airways, normalized to their respective surface
areas.

estimates based on deposited mass in the large or small airways
normalized to its respective surface area.

Potentially different pathogenesis processes with different bi-
ological outcomes may call for different dose metrics in the P
region. Equations (11-15) were used to calculate the HEC/CA
ratio of various dose metrics based on deposited dose in the P
region. The results for particle mass or number deposition (ig-
noring clearance processes) as the inhaled dose measure and
normalized to SA, /VAM, Wvu. or WAV as the dose metric are
shown in Figure 3A. Due to the filtering effect and fractional
penetration distally down the TB, the ratios in the P region de-
crease with increasing particle size and drop even more pro-
foundly for particles that have limited inhalability in animals
(i.e., particles >2 /zm). The slopes of the lines for various dose
metrics are almost identical. The range of HEC values for dose
metrics based on the number of deposited particles normalized
per macrophage, ventilatory unit, and alveolus spans only about
one order of magnitude. A dose metric based on normalization
per number of alveoli gives a lower value than a dose metric
based on either normalization per number of ventilatory units
or per number of alveolar macrophages. For the P region, use
of dose metrics based on deposited particle number normalized
to biologically motivated factors result in lower HEC estimates
than the default (mass/SA) by a factor of 3.3 to 63 across the
range of particle sizes evaluated.

Because the deposited particles reside in the LRT for ex-
tended periods of time, the likelihood is greater that injury or
disease will correlate with retained dose (amount remaining
with time) rather than with initial inhaled deposition. Thus, dose
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FIG. 3. Ratio of human equivalent concentration (HEC) to ex-
posure concentration of the laboratory animal experiment (CA)
as a function of particle diameter (/u.m) for various dose metrics
in the P region. Simulations for all exposures used unit den-
sity, monodispcrsc particles (thus, geometric or mass median
aerodynamic diameter, MMAD). Laboratory animal species is

metrics based on retained dose in the P region of the LRT are
more appropriate for extrapolation and evaluation of chronic ex-
posures. Because particle removal from the P region is nonlinear
with time and has unique kinetics in each species, simple rela-
tionships analogous to Eqs. (11)-(15) are not readily available
to derive relationships between the HEC and CA for retained
dose metrics. Rather, ah iterative procedure of simulations as
discussed earlier is required to find the HEC (see also Figure 1).

For example, suppose that an exposure regimen of 6 h/day,
5 days/wk at a concentration of 30 Mg/m3 was employed in a
rat inhalation study for 4 and 26 wk. Using clearance processes
in the calculation, Figure 3B shows the results for the calcu-
lated HEC/CA ratios after 4 wk of exposure for the different
dose metrics in the P region; Figure 3C shows the calculated
HEC/CA ratios after 26 wk of exposure. All metrics based on
retained dose show similar relationships as for deposition alone
(Figure 3 A): A dose metric based on retained mass per unit area
gives a ratio with the highest value; a dose metric based on the
number of particles retained in the P region per alveolus gives
the lowest estimate. However, the value of the HEC/CA ratio for
the comparable retained mass dose metric is decreased at ev-
ery particle diameter. The HEC/CA ratios for the different dose
metrics at 26 wk of exposure (Figure 3C) are lower than those
for the 4-wk exposure (Figure 3B) by approximately two to six
fold. This relationship implies that an even lower exposure level
is required for humans to achieve the equivalent laboratory ani-
mal dose with increasing exposure duration, provided overload
does not occur (Miller, 2000). A risk assessment extrapolating
effects from chronic exposures in the P region should rely on
dose metrics constructed using retained mass. Use of deposited
mass for chronic exposures, as is the default practice, may lead
to underestimation of risk to in humans due to PSP deposition
and retention in the P region. Because particles in the TB region
are generally cleared within 24 h, estimates for retained dose
would not show dramatic time dependence so that dose metrics

the rat. For the 4-wk and 12-wk simulations, an intermittent
regimen (6 h/day, 5 days/wk) and an exposure concentration of
30 //.g/m3 were used for the laboratory animal exposure; a contin-
uous (24 h/day, 7 days/wk) exposure scenario was assumed for
the human. (A) Results for initial deposition simulation. Calcu-
lated dose metrics include the following: total initially deposited
(no clearance calculated) mass normalized by P regional SA,
and initially deposited (no clearance calculated) number of par-
ticles normalized by various NF (/VAM, /VVu> WAV). (B) Results
for 4-wk exposure simulation. Calculated dose metrics include
the following: retained mass normalized by P regional SA, and
retained number of particles normalized by various NF (/VAM.
Wvu. WAV)- (C) Results for 12-wk exposure simulation. Cal-
culated dose metrics include the following: retained mass nor-
malized by P regional SA, and retained number of particles
normalized by various NF (SA, NAM. NVU, WAV)-
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based on deposited dose in the TB region are likely adequate for
acute exposures.

To further study the effect of exposure regimen on the
HEC/CA ratios for retained dose metrics, two hypothetical cases
based on existing inhalation exposure scenarios in the literature
were simulated. The first case considered the scenario of a con-
tinuous, 24-h/day exposure at a concentration of 30 jug/m3 for 3
days in both rats and humans. The results of the HEC/CA ratios
calculated from this scenario for various dose metrics in the P
region are shown in Figure 4. The shapes, patterns, and trends
for the dose, metrics in Figure 4 are similar to those in Figure
3, B and C, but the HEC/CA ratios are slightly higher than in
Figure 3B.

For the second case, simulations were conducted of experi-
mental exposures at various concentrations to polydisperse par-
ticles of different size distributions. Each particle distribution
was defined by both the mass median aerodynamic diameter
(MMAD) and geometric standard deviation (crg). Table 2 shows
the resultant estimate of the HEC/CA ratio for the different dose
metrics. Relative to simulations of monodisperse particles, the
various particle size distributions and exposure scenarios exam-
ined did not affect the relationships among the various P region
dose metrics. However, the HEC/CA ratios calculated for poly-
disperse particles differed from the estimates for monodisperse
particles by about a factor of two fold less. Because polydis-
perse distributions are commonly found in the environmental

10

10-3

Dose Metric
-Mass/Area
-Number/N

•Number/N
-Number/N

AM

vu

0.3 0.5 1 6
Particle Diameter, p,rn

FIG. 4. Ratio of human equivalent concentration (HEC) to ex-
posure concentration of the laboratory animal experiment (CA)
as a function of particle diameter (/u.m) for various dose metrics
in the P region. Calculated dose metrics include the following:
the retained particle mass normalized to P regional SA, and
retained particle number with various NF (WAM, Wvu. WAV)-
Simulation used unit density, monodisperse particles (thus, geo-
metric or mass median aerodynamic diameter, MMAD). Labo-
ratory animal species is the rat. The simulation used an exposure
regimen of 24 h/day for 3 days at a concentration of 30 /xg/m3

for both the rat and the human.

TABLE 2
Comparison of the calculated human equivalent concentrations (HEC) based on different dose metrics with experimental

exposures concentrations in the rat (CA)

HEC/CA

Exposure scenarios

Study Strain/Treatment Duration
Concentration MMAD

1 (Mm) ff.

Dose
metric is number of particles per

Mass Alveolar
per unit Ventilatory Alveolus macrophage

area unit (JVVU) (WAv)

Clarke et al. Sprague-Dawley/ 5 h/day x 3 days
(1999) normal and

bronchitic
Killingsworth Sprague-Dawley/ 6 h/day x 3 days

etal. (1997) Monochrotaline
treated

Kodavanti Spontaneously 6 h/day x 3 days
et al. (2000) hypertensive rats

Dormans et al. Male Wistar 6 h/day x5 days/wk x
(1999) 4wks

733 0.18 2.90 6.56 0.66 0.25 1.96

580 2.06 1.57 2.93 0.59 0.22 1.72

15,000 1.95 2.14 2.87 0.29 0.11 0.85

103,000 2.60 1.80 2.62 0.26 0.10 0.78

Note. Exposure scenarios quoted in the U.S. EPA Particulate Matter Criteria Document (2004) for various experimental studies conducted in
laboratory animals. None of the studies indicated that these exposure levels induced overload.
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FIG. 5. Retained mass in the TB or P region normalized to re-
gional surface area for two different human exposure scenarios.
Both si mulations used unit density, monodisperse particles (thus,
geometric or mass median aerodynamic diameter, MMAD) at a
concentration of 30 uglm?. Laboratory animal species is the rat.
(A) Results for the simulation with a human exposure scenario
that is identical to the intermittent regimen used in the labora-
tory animal study (6 h/day, 5 days/wk for 2 y). (B) Results for
the simulation using the typically assumed, continuous exposure
scenario (24 h/day, 7 days/wk, for 70 y) for humans.

conditions to which humans are exposed, simulations using ac-
tual aerosol characterization would have a similar impact on
resultant risk estimates.

Two simulations shown in Figure 5 were used to explore the
effect of assuming equal exposure periods between species (i.e.,
<$A = <$H) versus the default assumption of lifetime-equivalent,
exposure-concentration product periods (i.e., SA = a 2-yr, inter-
mittent exposure regimen and <5n = 70 yr at a continuous level
that is the "C x t" equivalent to the intermittent regimen). Parti-
cle diameter (1 /xm of unit density) and exposure concentration
(30 ^g/m3) were the same in each simulation. Using each ex-

posure scenario, the retained mass normalized to surface area
in the TB or P region was calculated for humans. Figure 5A
shows the retained, normalized mass in humans for an exposure
scenario that is identical to the regimen used in the laboratory
animal study (6 h/day, 5 days/wk for 2 yr). Figure 5B shows the
retained, normalized mass in humans for a typically assumed
exposure scenario (24-h continuous, 7 days/wk, for 70 yr). The
resulting pattern of the retained, normalized mass in each region
is similar for both exposure simulations, indicating that period-
icity of this internal dose metric would occur within the typical
2-yr time frame for the rodent bioassay. However, the end esti-
mates at 2 yr versus 70 yr are quantitatively different by orders
of magnitude in both the TB and P region. The difference in the
retained, normalized mass estimates would be more pronounced
for shorter-term exposures.

Figure 6A, and B, depicts the effect of the same two exposure
scenarios assumed for Figure 5 on estimates of the HEC/CA ratio
versus particle diameter for dose metrics based on retained mass
normalized to surface area in both the TB region (Figure 6A)
and the P region (Figure 6B). Unit density, monodisperse par-
ticles (thus, geometric or mass median aerodynamic diameter,
MMAD), and the same exposure concentration (30 /zg/m3) were
used in each simulation. Using the assumption of an equiva-
lent exposure scenario between rats and humans again results in
lower HEC estimates across all particle diameters, by a factor
of approximately 5 and 25 for the TB and P regions, respec-
tively. The results of the simulations in Figures 4-6 should be
given careful consideration in the development of dosimetry ap-
proaches for acute exposures. For example, across the particle
diameters evaluated, differences between an HEC estimate based
on retained mass in the P region as shown in Figure 4 (simula-
tion of a 3-day continuous exposure in both species) versus as
shown in Figure 6B (using the default human scenario) would
be on the average about 166-fold higher.

The impact of exposure scenario assumption on the HEC/CA
estimate motivated another set of simulations to explore the ef-
fect of age. The human model was exercised for different age
groups using anatomical parameters and ventilatory parame-
ters specified in Asgharian et al. (2001a) and was used to cal-
culate retained mass normalized to surface area. Unit-density,
monodisperse particles (thus geometric or mass median aerody-
namic diameter, MMAD) and the same exposure concentration
(30 /^.g/m3) were used in each simulation. The simulation was
exercised until an apparent plateau was achieved for each age
group. The age groups were chosen to represent a spectrum
of time across which the lung continues to grow and change
architecture. The minute ventilation values were 1.2, 2.9, 6.2,
and 7.5 L/min for the 3-mo-old, 3-yr-old, 14-yr-old, and adult
simulations, respectively. The TB surface area values were 206,
697, 1330, and 4713 cm2 for the 3-mo-old, 3-yr-old, 14-yr-old.
and adult (21-yr-old) simulations, respectively (Asgharian et al.,
2004).

Figure 7 shows the results for the HEC/CA ratio for various
age groups versus particle diameter, using the retained mass in
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FIG. 6. The HEC/CA ratio based on retained mass in the TB
or P region normalized to regional surface area versus parti-
cle diameter for two different human exposure scenarios. Both
simulations used unit density, monodisperse particles (thus, ge-
ometric or mass median aerodynamic diameter, MMAD) at a
concentration of 30 M-g/m3. Laboratory animal species is the
rat. The simulations in humans used either a human exposure
scenario identical to the intermittent regimen used in the labo-
ratory animal study (6 h/day, 5 days/wk for 2 y) or the typically
assumed, continuous exposure scenario (24-h/day, 7 days/wk,
for 70 y). (A) Results for the TB region. (B) Results for the
P region.

the TB region normalized to surface area as the dose metric.
The qualitative pattern is similar across all age groups. Because
the resultant HEC/CA ratio is lowest, the results suggest that the
14-yr-old may be at slightly greater risk than the adult. How-
ever, the differences in age groups appear to fall well within
an order of magnitude and may be addressed by the typical,
default 10-fold UF applied for intrahuman variability in both
PK and PD. These results are similar to those estimated by
Snipes et al. (1997) for retained mass in the P region of two
different ambient aerosols. The differences by age group may
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FIG. 7. The HEC/CA ratio calculated using the retained mass
in the TB region normalized to regional surface area as the dose
metric. Calculations are shown for various age groups versus
particle diameter. Simulations used unit density, monodisperse
particles (thus, geometric or mass median aerodynamic diame-
ter, MM AD) at a concentration of 30 /xg/m3. Laboratory animal
species is the rat. The text provides the values of the anatomi-
cal and ventilatory parameters used in the simulations for each
human age group.

well be due to changes in clearance as a function of age. Wolff
(1992) showed that tracheal mucous velocity in beagle dogs in-
creased to a maximum in young adults and then declined with
age. Wolff (1992) also argued that age-related changes in ca-
nine lung function are similar to those changes in humans. Data
on mucous velocities in children compared to those in human
adults are needed to mechanistically characterize intrahuman
variability.

Because the differences due to age may be more pronounced
for other dose metrics, simulations should be developed to ad-
dress age-specific risk. Another consideration for addressing dif-
ferences in anatomical and physiological parameters at different
age groups is that a true "lifetime" simulation should exercise
the age-specific model for the appropriate duration (e.g., model
simulation of the 3-mo-old followed by one for the next age
interval) in a sequential fashion. Such a simulation is under-
way to estimate a "lifetime" cancer risk of formaldehyde using
age-specific computational fluid dynamic (CFD) models for the
upper respiratory tract (URT) and scaled age-specific models
of the LRT to provide age-adjusted input to the clonal growth
model developed by CUT Centers for Health Research (Conolly
et al., 2003, 2004; Kimbell et al., 2004). Such applications to
address specific life stages are currently the topic of keen interest
and likely to become more routinely applied in risk assessment
as needed data are developed and associated dosimetry models
evolve and mature (Clewell et al., 2004). The proposed "life-
time" calculation for PSP would be expected to make the largest
difference for retained dose estimates.
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CONCLUDING REMARKS
Risk assessment approaches typically require extrapolation

of data from experimental studies in laboratory animals to es-
timate an HEC. Default approaches based on empirical mod-
els address dosimetry differences between species with some
success in a rudimentary fashion, but nevertheless require ap-
plication of UF to account for deficiencies in describing bi-
ological processes in an integrated fashion. More recent, so-
phisticated, mechanistic-dosimetry models offer an advantage
in that they can both provide realistic simulations of specific
exposure scenarios and also include determinants of airflow and
particle transport processes in anatomically accurate geometries
of human and rat lungs. Accounting for the mechanistic pa-
rameters is expected to increase the accuracy of interspecies
extrapolation to an HEC. Recent emphasis on consideration
of the mode of action in risk assessment is also more readily
handled with these newer models because they allow potential
dose metrics to be constructed for localized areas of the tar-
get respiratory tract regions. In addition, developing validated
dosimetry models can offer tremendous time and cost savings.
DAF can be generalized for a group of compounds similar in
structure and expected mode of action. The dosimetry mod-
els used here embody such a generalization for the class of
particles characterized as PSP (e.g., quartz, silica, diesel ex-
haust, titanium dioxide, carbon black) and can serve as a basis
for the extension of models to address soluble and hygroscopic
particles.

Mechanistic dosimetry models of particle inhalation, depo-
sition, and clearance in humans and rats were used to simulate
exposure scenarios of laboratory animal inhalation toxicity stud-
ies and various human exposure scenarios to calculate HEC es-
timates based on different dose metrics in the LRT. The various
dose metrics were constructed considering plausible modes of
action for PSP. These dose metrics included inhaled deposited
and retained masses in various areas of the lung normalized to
various factors that may be relevant to the mode of action (e.g.,
SA, A/vui WAV* NAM)- The results raise some important issues
about the adequacy of current default approaches to interspecies
dosimetric adjustment for exposures to PSP.

The explicit incorporation of time-dependent processes in
dosimetry models allowed for evaluation of the assumption of
a 24-h continuous exposure as the human exposure scenario.
Using this assumption results in an HEC approximately an or-
der of magnitude less than if an identical exposure is used for
both the laboratory animal and human scenario. For example,
the HEC using the default versus the similar scenario for an ef-
fect in the TB and PU region for an exposure of particles 1 urn
in diameter would be 0.047 versus 0.27 and 0.023 versus 0.47,
respectively. The results also confirm that this is a conservative
assumption for chronic exposure evaluation and perhaps should
be revised when attempting to address acute exposure risk. Fur-
ther, the results also indicate the need to include more realistic
exposure scenarios. Computational capacities are now readily

capable of incorporating ventilatory activity patterns in dosime-
try models. Such exercises have been used to support evaluation
of the National Ambient Air Quality Standard (NAAQS) for par-
ticulate matter (U.S. EPA, 1996, 2004) and could be applied in
the hazardous air pollutants arena as well (Snipes et al., 1997),
Our results, as did others (U.S. EPA, 1996; Snipes et al., 1997),
show that that the use of a realistic, polydisperse distribution in
the human dosimetry models results in a lower HEC estimate.
Thus accurate characterization of the particle size and distribu-
tion of the actual ambient exposure to which humans are exposed
becomes a critical input.

Due to clearance within 24 h in the TB region, deposited
mass per unit area is probably the relevant dose metric for ef-
fects in this region from acute exposures. More specific area-
based dose metrics can be defined if the target site in the TB
region is identified and the mode of action understood. In the
P region, a preferred dose metric would be based on a normal-
ized retained mass rather than a normalized deposited mass,
notably for the evaluation of chronic exposures. The adverse
effects of long-term exposures to PSP are more likely related
to retained mass. PSP clearance is based primarily on mechan-
ical transport processes that we demonstrate can be calculated
from the available literature on mucociliary rates and clearance
half-times.

Use of dose metrics based on the number of retained parti-
cles and normalized to the number of alveoli, macrophages, or
ventilatory units all gave rise to different HEC estimates for the
P region that varied by about an order of magnitude and that
were all lower than those based on the current default of parti-
cle mass normalized to P surface area. The HEC based on the
default versus the number dose metric was higher by a factor of
about 3.0 to 4.0 when based on metric of number normalized to
ventilatory units, to about 16 to 30 when based on the metric of
number normalized to alveolar macrophages. Careful consider-
ation should be given to these alternate dose metrics if the mode
of action indicates that particle number may be more relevant to
the pathogenesis of the effects under evaluation.

Analysis of age-dependent estimates indicates that the vari-
ability in TB-deposited mass across a span of 3 mo to adulthood
is within an order of magnitude and may be addressed by the
10-fold UF typically applied for intrahuman variability. How-
ever, future work should pursue evaluation of other dose metrics
in both lung regions and consider construction of "lifetime" es-
timates by sequentially appending simulations for each specific
age span. Rather than a default factor applied to adult simula-
tions, such a composite simulation would more accurately de-
scribe the mechanistic differences due to changes in lung func-
tion with age.

The mechanistic model simulations herein and the empirical
models used with the default algorithm in the RfC methods are
based on PSP (U.S. EPA, 1994). Key input parameters are pani-
cle diameter and distribution. Previous simulation exercises have
shown that particle solubility rates are dominant determinants of
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lung burdens for inhaled particles of ambient aerosols (Snipes
et al., 1997). Therefore, data on dissolution rates become a key
research need to address (Snipes et al., 1997; Bailey et al., 2003b)
in order to extend these models to additional types of particles.
Nevertheless, it is expected that taking into account inhalability
and deposition efficiency does address to some degree the key
determinants of interspecies differences in inhaled dose. Indeed,
Cassee et al. (2003) showed that the MPPD adequately predicts
lung burdens of a soluble cadmium chloride aerosol in rats. Thus
the current default of normalized mass of PSP used by the U.S.
EPA (1994) is supported. Future work should evaluate refine-
ments due to the incorporation of strain differences (DeLorme
& Moss, 2002) and hygroscopicity (Schroeter et al., 2001;
Asgharian, 2004). Because the mouse is the species used in
many genomic evaluations, mechanistic models to improve the
empirical ones that currently estimate only deposition should be
encouraged.

Additional data needed to develop and extend the models
for a specific assessment application are information on the
nature of toxicity of the particle under evaluation, for exam-
ple, genotoxicity. Careful characterization of the activity diam-
eter would also be useful (U.S. EPA, 1994). This expression
takes into account the "activity" of the physical property of
the particle. For example, if the toxicant is distributed only on
the surface, then the activity median diameter is equal to the
surface median diameter (U.S. EPA, 1994). Further discussion
of issues related to activity diameters can be found elsewhere
(Hofmann & Koblinger, 1989). Because particle distributions
are assumed to be lognormal, estimation of count, surface area,
or volume distributions for any given sample of particles can be
made after one of those distributions has been measured using
equations originally derived by Hatch and Choate (1929). Addi-
tional discussion of particle diameter definitions and conversions
can also be found elsewhere (U.S. EPA, 1994; Moss & Cheng,
1989).

The application of dosimetry models represents a refinement
and extension of the existing default RfC methods based on
the average deposited mass normalized to regional surface area.
We used these models to calculate different doses to various
local targets within the lungs of humans and rats. Once devel-
oped, physiologically based pharmacokinetic (PBPK) models
can be used to describe toxicant-tissue reactions in greater de-
tail. Further refinements can be expected with the development
and validation of models that predict more localized estimates
in the P region. Disease-based models will provide insight on
potential susceptibility, such as differences in deposition and re-
tention due to the effects of altered geometry on airflow (Segal et
al., 2002). Differences in ventilation/perfusion (V/Q) mismatch
and perfusion may prove to be important to systemic delivery of
toxic moieties. Finally, the LRT models are also a valuable com-
plement to models that predict localized deposition in the upper
respiratory tract (URT) (Kimbell et al., 2001). Use of dosime-
try models of the URT and LRT together affords more accu-
rate approaches for both interspecies extrapolation and the char-

acterization of intrahuman variability in the entire respiratory
tract.
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